In this work, the evolution of the excess conductivity of the YВа 2 Сu 3 О 7−δ single crystals under electron irradiation is studied. It is shown that irradiation with electrons leads to a significant expansion of the temperature interval that excess conductivity exists. Therefore, the value of the transverse coherence length ξ с (0) increases by a factor of 1.4 and the point of the 2D-3D crossover shifts with respect to the temperature.
Introduction
The question of the effect of dimensionality on the formation of the superconducting state in high-temperature superconducting cuprates (HTSC) remains open, despite the intense experimental and theoretical studies carried out in the last 30 years [1] [2] [3] . As it is established [1, 4] , the large penetration depth, the short coherence length and the layered structure contribute to the appearance of an anomalously wide region of excess conductivity (Δσ) in HTSC compounds in the ρ ab (T) dependences (in the basal plane). Far from the critical temperature (T c ) at Т с ≤ Т < Т* (where T* is the temperature that the deviation from the linear in the ρ ab (T) dependence commences), Δσ is determined by the so-called pseudogap anomaly (PG) [5] [6] [7] , which was previously studied in detail [8] . Near Т с , Δσ is caused due to the formation of fluctuation superconducting pairs [9, 10] . Therewith, the width and character of the behavior of the fluctuation paraconductivity (FC) section essentially depends on the composition and the structure of the experimental sample [1, 11, 12] , such as on the presence or absence of extreme external influences [13, 14] .
Presently, it can be reliably considered that near T c the Δσ(Т) dependence is always well described within the framework of the Aslamazov-Larkin theory [9] for the three-dimensional paraconductivity. During the transition through the 2D-3D crossover point, these curves can be well described in the framework of the Lorentz-Doniach model [15] or Maki-Thompson process [16] , depending on the degree of perfection of each particular experimental sample [17] . High pressure [13, 18] , high-temperature annealing [19] , along with long-term aging processes [20] , can substantially shift the 3D crossover point, and also lead to phase separation [14] as a result of the structural relaxation induced by these extreme conditions. The magnetic field, as a rule, leads to a significant blurring of the superconducting transition [21, 22] due to the appearance of specific dynamic transitions in the SC subsystem. Exceptions are the cases of strong pinning of SC fluctuations on a modulated defect superstructure in the form of a developed twinning grid [23] , etc.
Notably, despite the large number of investigations of the influence of external impact on the fluctuation conductivity in HTSC, there is practically no regarding the effect of irradiation on FC. The latter, can significantly change both the absolute value of the electrical resistivity ρ and the nature of its temperature dependences ρ(T) [24] . This apart from its fundamental aspect, has a great practical importance, given the very large number of various instruments and devices developed and produced in recent years on the basis of HTSC materials for operation in conditions with high radiation activity.
In the present study, the effect of electron irradiation on the phase transition and the 2D-3D crossover in YBа 2 Cu 3 O 7−δ superconductor was studied. The choice of the latter as an object of investigation was due to its high critical temperature Т с ≈ 90 K [25] exceeding the boiling point of liquid nitrogen and the greater possibilities for varying its conductive characteristics by doping with substitute elements [26, 27] or by varying the degree of deviation from oxygen stoichiometry [28, 29] .
Experimental techniques
The YBa 2 Cu 3 O 7−δ single crystals were grown in a solutionmelt procedure in a gold crucible [29] . The technology of obtaining experimental samples and conducting resistive measurements, as well as the analysis of the transport properties of the samples in the normal and superconducting states, were described in detail in previous studies [27, 29] . Irradiation with electrons with energies 0.5-2.5 MeV was carried out at temperatures T < 10 K. Irradiation densities of φ = 10 18 1/cm 2 by electrons with an energy of 2.5 MeV correspond to an average concentration of defects at all sublattices of 10 −4 dpa/аt. displacements per atom [30] . The sequence of measurements was as follows: First, the temperature dependences of the resistivity of the samples before irradiation were measured. Then the temperature was lowered to 5 K and the samples were irradiated. The intensity of the beam was such that the temperature of the sample did not exceed 10 K during the irradiation process. After irradiating the sample it was heated to 300 K and, gradually decreasing the temperature (of the sample), measurements of the temperature dependences of the resistivity at T < 300 K were carried out. The resistivity parameters of the samples are shown in Table 1 .
Results and discussion
The temperature dependences of the resistivity in the abplane ρ ab (T) of the YBa 2 Cu 3 O 7−δ single crystal before and after irradiation are shown in Fig. 1 . As it can be seen from Fig. 1 , the irradiation leads to an anomalously strong suppression of the superconductivity in the YBa 2 Cu 3 O 7−δ crystal (in comparison with the change in its composition [31] ).
Nevertheless, the nature of the changes in the electrical and superconducting properties of HTSCs by varying composition [31] and under irradiation is different. The main difference is as follows: while changing the composition, the decrease in T c to 86 K is usually accompanied by a change in the shape of the ρ(T) curves from the metallic curve to the so-called "S-shaped curve" with a characteristic thermal activation deflection [31] . In the irradiation, the same absolute decrease in T c with an appreciable increase of ρ in the temperature interval T c -300 K is not accompanied by the appearance of the S-shaped ρ(T) dependence. The thermoactivation behavior of the electrical resistance in irradiated samples is manifested only at sufficiently low values of Т с [32] . One of the reasons that lead to a strong decrease in T c of irradiated samples could be the appearance of dielectric inclusions under the influence of irradiation, due to the redistribution of oxygen between the O(4) and O(5) positions (consistently with the notation of [33] ) and the formation of local areas with a tetragonal structure .
It can be seen that the qualitative behavior of the temperature dependence of the conductivity before and after irradiation remains quasimetallic. Moreover, in the ρ ab (T) dependences in the region of relatively high temperatures, in not irradiated and in irradiated crystals, a rather wide linear region remains, which, according to NAFL theory [34] , is a reliable sign of the normal state of the system. After irradiation, the absolute value of the electrical resistivity increases, and the T, K Fig. 1 The plot of ρ(T) dependences obtained before and after the electron-irradiation of the crystal. Inset: the dependence dρ ab /dT-T in the region of the superconducting transition. The numbering of the curves on the insets corresponds to the numbering in the figure 1 3 region of existence of the ρ ab (T) linear dependence decreases substantially at high temperatures. As can be seen from the table, as well as the inset to Fig. 1 , after irradiation, the critical temperature is lowered. Herewith, the narrow initial width of the superconducting transition (ΔT c ≤ 0.3 K) increases substantially, which serves as a sign of the appearance of several phases in the sample [14, 31] , having, respectively, different critical temperatures of the transition to the superconducting state.
As the temperature is lowered below a certain characteristic value T*, a deviation of ρ ab (Т) from the linear dependence occurs, which indicates the appearance of some excess conductivity, which, as noted above, is due to a transition to a pseudogap regime [5] [6] [7] . The "rounding" of the ρ ab (T) curves below a certain characteristic temperature T* is due to the appearance of excess conductivity, the temperature dependence of which can be obtained from the formula: where σ 0 = ρ 0 −1 = (А + ВТ) −1 is the conductivity, determined by interpolating the linear portion of the measurements observed in the high-temperature region to the zero temperature, and σ = ρ −1 is the experimentally measured value of the conductivity at Т < T*.
It is known that near T c the excess conductivity is probably caused by the fluctuational pairing of current carriers and can be described by the power law dependence obtained in the theoretical Lawrence-Doniach model [15] , assuming the presence of a very smooth crossover from the two-dimensional to the three- (2) is transformed into known relations for three-and two-dimensional cases from the Aslamazov-Larkin theory [9] :
In the case of comparison with the experimental data, it is important to accurately determine the value of T mf c , which has a significant effect on the slope in the Δσ(ε) dependences. Usually, when compared with the experimental data, the ξ с (0), d and T c in Eqs. (2-4) are adjustable parameters [1] . However, when using such a technique there can be significant quantitative discrepancies between theory and experiment. This, in turn, requires an additional fitting parameter, a scaling factor, the so-called C-factor, which allows to combine the experimental data with the calculated ones and take into account the possible inhomogeneity of the spreading of the transport current for each particular sample [35] . In our case, T mf c was taken as the T c , determined, as noted above, at the maximum point on the dρ ab /dT(T) curves in the region of the superconducting transition [11, 13] , as shown in the inset to Fig. 1 . Figure 2 shows the Δσ(Т) dependences in lnΔσ(lnε) coordinates. It is seen that directly near T c these dependences are satisfactorily approximated by straight lines with an slope angle α 1 ≈ − 0.5 corresponding to the exponent − 1/2 in Eq. (4), which indicates the three-dimensional character of the fluctuation superconductivity in this temperature interval. With a further increase in temperature, the rate of decrease Δσ significantly increases (α 2 ≈ − 1), which, in turn, can be regarded as an indication of a change in the dimension of the phase transition. As follows from Eqs. (3) and (4), at the 2D-3D crossover point:
In this case, having determined the value ε 0 and using the bibliographic on the dependence of T c and the interplanar distance from δ [36, 37] , we can calculate the values of ξ с (0). As it can be seen from the table, after irradiation, the value [31] , but it is significantly smaller from the absolute value of ξ с (0) from the values obtained in [31] with a similar decrease in T c as a result of a decrease in the oxygen content.
As noted above, the electron irradiation is accompanied by a significant expansion of the region of existence of excess conductivity toward high temperatures Т > 1.5Т с , which obviously cannot be explained within the framework of the existing fluctuation theories. According to contemporary concepts (see, for example, [5] [6] [7] ), such a behavior of the ρ ab (Т) dependences can be caused by the transition to the so-called pseudogap state, characteristic for the "underdoped" compositions of HTSC compounds. A certain role in this is played by the presence of structural and kinematic anisotropy in the system [38] [39] [40] [41] [42] . On the other hand, it cannot be completely excluded that this feature can also be partially caused due to the presence of an additive contribution to the conductivity from impurity phases with higher T c . For example, even in the early work on the study of phase transition in HTSC compounds [43] it was shown that, although superconducting phases with Т с > 140 K are structurally unstable under normal conditions, they can exist as impurity phases in doped and multiphase samples.
Conclusions
In the present work it was established that irradiation leads to an anomalously strong (in comparison with the composition change) suppression of superconductivity in the HTSC YBa 2 Cu 3 O 7−δ . Changing the composition, the decrease in T c to 86 K is typically by a change in the shape of the ρ(T) curves from metallic curve to curves with a characteristic thermal activation deflection, upon irradiation, the same absolute decrease in T c , with an appreciable increase of ρ in the interval of temperatures T c -300 K is not accompanied by the appearance of the "S-shaped" ρ(T) dependence. The electron irradiation leads to a significant expansion of the region of existence of excess conductivity, while the coherence length increases by almost one and a half times and the crossover point shifts substantially with temperature.
